The longer lasting depression has never been fully refilling, and another process that appears after extencharacterized, since the recovery of synaptic strength sive exocytosis and produces a transient decrease in varies widely from situation to situation and appears to the capacity of the pool, lasting for several minutes. Liu and Tsien studied is probably equivalent to several Rapid trains of action potentials cause the synapse to RRPs' worth of transmitter, since they report releasing expend the releasable vesicles more rapidly than they about 90 vesicles per synapse, whereas Stevens and are replaced-the replacement process is termed refillcoworkers observed a RRP size averaging around 10 ing-and so such episodes of activity eventually deplete quanta (Geppert et al., 1994; Stevens and Tsujimoto, the pool (Zucker, 1989; Rosenmund and Stevens, 1996).
) that suggested a decrease in the RRP content is at least partially responsible for the persistence of a long-lasting type of short-term synaptic depression. For both stimulus trains, starting 10 s after stimulation, the recovery of the number of releasable quanta can be described by a single exponential with a time constant of 1 min. After 1000 action potentials, the single exponential curve fitted to the data intercepts the ordinate at about 30%, whereas after 150 action potentials it intercepts at about 55%.
Under our conditions, the trains of action potentials did not produce large permanent changes in pool size (see Figure 1B) . High-frequency stimulation of cultured hippocampal synapses has been shown to produce very long-lasting changes in synaptic strength under some conditions (Bekkers and Stevens, 1990 ; Goda and Stevens, 1996, 1998; Ryan et al., 1996) , and so we designed these experiments to measure only the transient forms of activity-induced depression. We monitored the recovery after electrical stimulation by comparing the size of the RRP after various delays to the size of the completely recovered pool 3 min later. We did not include comparisons of the size of the pool before and after stimulation in the analysis presented above. In many cases, this information was available, however, because we could maintain stable recording conditions for many trials. A comparison of the RRP size 1 min before electrical stimulation to the pool contents 4 or 5 min later shows an average decrement in pool capacity of only 4% (Ϯ 2% SEM, 32 trials) when we stimulated with 150 action potentials, and 10% (Ϯ 2%, 12 trials) when we stimulated 1000 times. Although some of this decline might result from the induction of a small amount of long-term depression, most of it probably represents the time-dependent rundown mentioned above.
Recovery Proceeds with the Sum of Two Single Exponentials
We next sought to determine if accumulation of the slowly relaxing type of depression has any effect on the initial rate at which the RRP refills. We did this by measuring the initial phase of recovery from depletion challenge interval. The pool content during the second challenge of each pair was compared to the estimated Both recovery time courses are well fitted by the weighted sum of two exponentials; that is:
where s(t) is the normalized number of vesicles in the RRP (s ϭ 1 if the pool is completely full, and s ϭ 0 if the pool is totally empty); f is the weighting of the more rapidly recovering exponential (f ϭ 0.59 in the experimental case here, and 3 min later f ϭ 1); s is the time constant of recovery for the slower process estimated from Figure 1 (60 s); and f is the refilling time constant of the RRP (10 s in this case). After the induction of short-term synaptic depression, then, the RRP recovers with the weighted sum of two exponentials, the first originally identified as characteristic of the refilling process, and a slower one with a time constant of about 1 min.
Slowly Recovering Component of Depression Is Presynaptic
We have estimated the recovery of the RRP from the total postsynaptic charge transferred when hypertonic solution is applied to a population of autapses. This method for estimating pool size assumes that the postsynaptic response to individual exocytotic events is un- the pool. A large transient increase in this spontaneous rate that decayed away with a 60 s time constant could, therefore, conceivably cause just the sort of slow recovery from depression of the RRP that we observe here. We can quickly rule out this hypothesis, however. While the asynchronous quantal rate was slightly (Ͻ15%) elevated for the first few seconds after 111 s of 9 Hz stimulation, the spontaneous mEPSC frequency was actually below normal by 20 s after the last action potentialpresumably reflecting the reduced size of the RRP-and then slowly recovered to the baseline frequency over the next several minutes.
Accumulation of the Slow Component Depends upon Exocytosis
Synaptic depression has long been thought to depend on the amount of prior release, in that it has been postulated to result from the exhaustion of pools of vesicles within the presynaptic terminal (see Zucker, 1989) . But the long trains of action potentials that are required to induce a substantial amount of the slowly recovering phase of depression reported here have other incidental effects on the presynaptic terminal. For example, highfrequency stimulation is known to cause an intracellular accumulation of sodium ions, which has also been hypothesized to trigger synaptic depression (reviewed by Zucker, 1989).
We sought to determine if the repetitive electrical activity of action potentials alone was enough to induce campal slices recover with the same double exponential time course described above for the cell culture system. Schaffer collaterals were stimulated repetitively in transwe took the current integral beginning 10 ms after the action potential as our basic measure of synaptic size.
verse mouse hippocampal slices with a silver/silver chloride stimulating electrode. The responses were Figure 6 shows that the slow component of depression accumulates progressively with longer synaptic use. measured by recording field potentials generated by CA1 pyramidal cells with a recording electrode placed about two-thirds of the way up the apical dendritic trees.
Recovery of the RRP Has the Same Properties in Hippocampal Slices
To monitor baseline changes, responses were first recorded at low frequency (once every 8 s). Once a stable The experiments described above were conducted on hippocampal cells grown in cell culture, and the recovbaseline had been maintained for at least 8 min, two high-frequency trains of action potentials were evoked ery of the RRP was followed by measuring the exocytosis induced by osmotic shocks. Could the slow reat 20 Hz for each experiment. The first train was used to induce short-term depression and lasted 10 s (200 covery characterized here somehow be an artifact of either our cell culture system or of the method employed stimuli). The second stimulation was started at an experimentally varied amount of time after the end of the first to evoke release of the RRP? To investigate these questions, we have repeated our main observation (Figure one. After the second high-frequency train, the preparation was again stimulated slowly for several minutes to 1) in hippocampal slices with a method that does not involve the use of hypertonic solution.
ensure complete recovery. The slice preparations lasted several (5-10) hours, allowing us to conduct many experAs noted by Stevens and Wesseling (1999), the usual way of monitoring recovery from depression-deteriments on the same pathway. We use the sum of the first 80 postsynaptic responses mining the size of the response to single action potentials at various times after the induction of depressionproduced by the second train as our basic measure of recovery over time. The stimulation protocols used here has the problem that the high frequency stimulation needed to induce the phenomenon also triggers eledo not depress the synaptic response completely, presumably because the emptied RRP is continuously rements of synaptic enhancement that mask the true extent of depression. The responses to single action postocked with fresh vesicles. To correct for this offset, and to guard against possible long-term changes to our tentials thus give an erroneous impression of the time course over which the RRP recovers. We have circumpreparation, measurements after the various recovery intervals were interleaved with measurements made vented this problem in slice experiments by using 4 s 
